The use of commercial bumble bees for crop pollination has been implicated in the decline of wild bumble bees through the spread of pathogens. This study investigates whether diseases from commercial bumble bees threaten native species in the UK. We sampled bumble bees from ten soft fruit farms: five that deploy commercial Bombus terrestris and five that do not. Each farm was visited monthly throughout the summer and workers of B. terrestris, B. pratorum, B. pascuorum and B. lapidarius were captured. The faeces of these bees were inspected for the gut microparasites Crithidia spp., Nosema bombi and Apicystis bombi. Prevalence was defined as the proportion of individuals infected and abundance was defined as the number of pathogen cells per volume of bumble bee faeces. The prevalence of A. bombi and N. bombi was too low to analyse. The prevalence and abundance of Crithidia spp. was significantly different among bumble bee species. Overall, the prevalence of Crithidia spp. was initially lower on farms deploying commercial bumble bees, possibly due to a dilution effect caused by the high density of imported bees. Crithidia spp. prevalence in Bombus terrestris, however, rose sharply on commercial farms at the end of the season. One potential explanation is that commercial bumble bees contract the local pathogen, which is then rapidly transmitted among them due to the high bee density. Whilst our data provide no evidence of pathogen spillover to wild species, it would be premature to conclude with certainty that commercial colonies do not represent a disease risk to native bees in the UK and we urge further studies into this phenomenon.
Introduction
The commercial use of bumble bees as pollinators for agricultural crops has been common practice since the 1980s when techniques for mass rearing bumble bees were developed (Velthuis & van Doorn, 2006) . The majority are used for greenhouse tomatoes, but large numbers are also used for the pollination of various cucurbits and soft fruits (Velthuis & van Doorn, 2006; Stanghellini et al., 1997; Stubbs & Drummond, 2001) . As bumble bees are highly efficient pollinators, they can provide economic benefits to fruit growers through increased yield (Serrano & Guerra-Sanz, 2006; Lye et al., 2011) but their use does not come without risk (Velthuis & van Doorn, 2006 & references therein) .
Commercially produced bumble bees pose three main potential threats to native bumble bee fauna; competition for resources (Ings et al., 2006; Inoue et al., 2008; Inoue et al., 2010) ; hybridisation with native subspecies (Kondo et al., 2009 ) and finally, the spread of parasites (Colla et al., 2006; Meeus et al., 2011; Arbetman et al., 2013) . It is vital to understand the relevance of these threats to bumble bees because populations of many species have been declining over recent decades (Williams & Osborne, 2009; Cameron et al., 2011) . These declines have been predominantly attributed to the intensification of agriculture and the associated loss of habitats, on which bumble bees depend (Goulson et al., 2008; Williams & Osborne, 2009 ).
Recent work from North America suggests that diseases from commercial bumble bees may pose a significant additional threat to native species (Winter et al., 2006; Colla et al., 2006; Cameron et al., 2011; Szabo et al., 2012) and this threat can take two forms. Firstly, the use of commercial bumble bees, frequently imported from foreign countries, could introduce a novel pathogen or pathogen genotype, which is virulent in wild populations (Goka et al., 2000; Goka et al., 2006) . Secondly, if the unusually high densities of bumble bees associated with commercial use elevate disease prevalence, pathogens may spill over to cause increased infection rates in wild bumble bee populations (Otterstatter & Thomson, 2008; Szabo et al., 2012; Murray et al., 2013) . It may be possible for such pathogen spillover to occur even if the commercial bees arrive uninfected if they contract and amplify local pathogens. The potential exists for both processes to occur when commercial bumble bees are deployed because they regularly forage on wild flowers adjacent to the crop (Morandin et al., 2001; Whittington et al., 2004 ). Transmission of parasites can then occur when infected and uninfected individuals forage on the same flower (Durrer & Schmid-Hempel, 1994) . Infection with intestinal parasites such as Crithidia spp. and Nosema bombi can substantially reduce the fitness of individual bumble bees and the reproductive output of colonies (Brown et al., 2003; Otti & Schmid-Hempel, 2008 ).
The introduction of novel pathogens can potentially have severe consequences. In North America, the accidental introduction of the gut parasite Nosema bombi with commercial bumble bees is thought by many (e.g., Thorp, 2005; Thorp & Shepherd, 2005; Winter et al., 2006) to be responsible for the dramatic decline of four species of native bumble bees since the 1990s (Cameron et al., 2011) , although direct evidence is lacking (Brown, 2011) . In South America, the native Bombus dahlbomii has disappeared from all areas invaded by the rapidly spreading European Bombus terrestris, possibly due to one or more non-native pathogens carried by the invading species (Arbetman et al., 2012) . Within Europe, this may be considered less of a threat because the source and destination locations of commercial bees contain the same parasite species. The introduction of novel pathogen strains, however, remains a risk. For example, the gut trypanosome Crithidia bombi is known to consist of a large number of different strains (Schmid-Hempel & Reber Funk, 2004) . Higher mortality has been found when bumble bees are infected with a Crithidia bombi strain from a distant location compared to infection from a local source (Imhoof & Schmid-Hempel, 1998) . Thus, the importation of bumble bees from abroad could potentially introduce novel parasite strains to which the local populations are more susceptible.
Pathogen spillover occurs when a heavily infested host reservoir population transmits a pathogen to a nearby susceptible population (Daszak et al., 2000) . In the case of the commercial use of bumble bees, the reservoir population consists of the imported colonies and the susceptible population is the local natural bumble bee fauna. The pathogen may already exist within the susceptible population but spillover occurs if the commercial bees maintain higher parasite loads, which is likely due to the high densities of commercial colonies within greenhouses or polytunnels (tunnels made of polyethylene for crop propagation). Pathogen spillover from commercial to wild bees has been shown to occur in Canada. The prevalence of parasites was compared between sites close to greenhouses using commercial bumble bees and sites over 50km from any commercial greenhouse. It was found that Crithidia bombi was present at significantly higher prevalence at the sites near greenhouses. Additionally, bees foraging closest to the greenhouse had more intense infections (Colla et al., 2006; Otterstatter & Thomson, 2008) . More recently, Murray et al. (2013) have provided evidence of pathogen spillover in Ireland; again the prevalence of C. bombi was significantly higher closer to greenhouses and the probability of infection declined with increasing distance from high density of imported bees. Crithidia spp. prevalence in Bombus terrestris, however, rose sharply on commercial farms at the end of the season. One potential explanation is that commercial bumble bees contract the local pathogen, which is then rapidly transmitted among them due to the high bee density. Whilst our data provide no evidence of pathogen spillover to wild species, it would be premature to conclude with certainty that commercial colonies do not represent a disease risk to native bees in the UK and we urge further studies into this phenomenon.
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Apart from Murray et al. (2013) , no other research into the potential threat of pathogens and parasites from commercial bumble bees has been published in Europe and this paper aims to investigate whether such a threat exists in the UK. We focus on the use of commercial bumble bees for the pollination of soft fruit where nest boxes are placed in open-ended polytunnels and open-field situations. The spread of pathogens to wild bumble bees is of particular concern in such situations because there is no containment of the commercial bees. We investigate this using soft fruit farms in Scotland as a study system, where there is undoubtedly the potential for commercial bumble bees to pose a threat because approximately 60,000 Bombus terrestris nests are currently imported from mainland Europe to the UK each year (Goulson, 2010) . We compare the prevalence and abundance of pathogens in bumble bees on farms that do deploy commercial bumble bees and on farms that do not. If commercial bumble bees amplify pathogen prevalence, we would predict infections to be more common among foraging bumble bees on the farms where they are deployed.
Materials and methods
Ten soft fruit farms in East and Central Scotland were selected for this study ( Table 1 ). The farms were comparable because all grew raspberries.
Some of the farms also grew a selection of other soft fruit, including strawberries. Five farms deployed commercially reared B. terrestris to aid pollination (hereafter referred to as "commercial farms") and five did not ("wild farms"). Commercial bumble bees originated from the suppliers Koppert and Biobest. Only one farm (SCRI) bought in the native subspecies Bombus terrestris audax, whilst the other commercial farms bought B. t. terrestris. Wild farms were located at least 4 km from a farm that used commercial bumble bees to minimise the presence of any foraging commercial bees. The foraging range of bumble bees is difficult to measure and estimates vary, but most studies agree that B. terrestris rarely forage more than 1.5 km from their nest (Darvill et al., 2004; Knight et al., 2005; Osborne et al., 2008; Wolf & Moritz, 2008) . 
Statistical analysis
Data were analysed in R, version 2.12.0 (2010 The R Foundation for Statistical Computing). Chi-squared tests established whether differences existed between the proportion of infected bees in different species.
Binomial generalised linear mixed effect models were used to analyse determinants of Crithidia spp. prevalence and each bumble bee species was analysed first together and then separately. The residuals were tested for autocorrelation using the Durbin-Watson statistic but this was not detected. Crithidia spp. abundance (the number of Crithidia spp. cells per 0.1μl faeces, including uninfected bees) was analysed in a Bayesian framework using the MCMCglmm package in R (Hadfield, 2010) .
Generalised linear mixed models with a zero-inflated poisson distribution were used and non-informative priors were set in all analyses. Prior sensitivity analysis was carried out and the final models are robust to variation in the values of priors. Model convergence was confirmed using Geweke's diagnostic (Geweke, 1992) 
Results
A total of 946 worker bumble bees was collected from the ten farms and screened for pathogens over the four month sampling period.
Additionally, 103 commercial bumble bee workers were collected directly from their nest boxes in May and June. All three parasite species were detected and the overall prevalence in the bees collected foraging were: Crithidia spp. 39.22%; Nosema bombi 2.01% and Apicystis bombi 0.74%. The number of bees infected with A. bombi was too small to allow further analyses on this parasite.
Crithidia bombi prevalence
The proportion of bees infected differed significantly across the different species, being highest in B. pratorum and lowest in B. pascuorum There was a significant three-way interaction between species, sampling month and farm type (χ 2 = 124.08, df = 15, p < 0.001).
This indicates that the change in Crithidia spp. prevalence across the sampling period in the two farm types was different among bumble bee species and for this reason we present separate analyses for each species (table 3) . Farm size did not significantly influence Crithidia spp. Table 3 . Parameter estimates and 95% CIs from the generalised linear mixed effect models for Crithidia bombi prevalence. The parameter estimates for C. bombi prevalence shown here are with reference to the commercial farm type and are on the logit scale.
prevalence (χ 2 = 0.258, df = 1, p = 0.611) and has been excluded from the following analyses of individual bumble bee species.
Bombus terrestris
Averaging across the whole season, the proportion of Bombus (s.s) spp.
infected with Crithidia spp. was significantly higher on the wild farms compared to the commercial farms (χ 2 = 17.95, df = 1, p < 0.001).
There was also a significant interaction between the farm type and the sampling month (χ 2 = 19.07, df = 1, p < 0.001): month significantly predicted Crithidia spp. prevalence on commercial farms due to the marked increase in August, whilst prevalence on wild farms did not change significantly over time (Fig. 2) .
Bombus pratorum
The prevalence of Crithidia spp. was significantly higher on wild farms than on commercial farms (χ 2 = 6.33, df = 1, p = 0.012, Fig. 3 ) and also significantly increased over the sampling period (χ 2 = 30.27, df = 1, p < 0.001). There was no interaction between the farm type and month (χ 2 = 0.887, df = 1, p = 0.346), indicating that this increase occurred at a similar rate on both farm types.
Bombus pascuorum and Bombus lapidarius
Similar results were obtained for both species and because so few 
Crithidia spp. abundance
Considering the load of infection in each individual bee, Crithidia spp.
abundance for all bumble bee species did not differ significantly between the two farm types and did not change significantly over time. Additionally, there was no interaction between these two variables. There was also no significant effect of farm size (Table 4) . The abundance was, however, significantly different among the four bumble bee species (Fig. 4) .
Pathogen dynamics in commercial bumble bee colonies 
Nosema bombi
When all bumble bee species were pooled, a greater proportion was infected with N. bombi on commercial farms (2.95 ± 0.97%) compared to wild farms (1.15 ± 0.54%). This difference was not, however, by an uneven distribution of species infected in the two farm types:
only B. terrestris were found to be infected on wild farms whilst a few individuals of all four bumble bee species were infected on commercial farms. Additionally, two of 103 commercial bumble bees collected directly from their nest boxes were infected with N. bombi.
Discussion
The decline of insect pollinators is of universal concern due to the ecological and economic benefits they provide. The global trade in commercial bumble bees may have contributed to this decline, partially through the spread of pathogens and parasites (Colla et al., 2006; Brown, 2011; Cameron et al., 2011) . However, the impact of commercial pollination practices is likely to differ depending on location and ecological circumstances. This paper offers an insight into the potential Whitehorn et al.
impacts of commercial bumble bees on parasite dynamics in European bumble bee populations, using Scottish farms as a study system.
No evidence for the spread of pathogens from commercial bees to other bumble bee species was found: parasitic infection in wild bumble bee species was no higher at commercial farms compared to wild farms (and was lower in one wild bumble bee species). This contrasts markedly with the situation in Canada and Ireland, where commercial bumble bees used in greenhouses acted as a source of infection to wild bumble bees in the surrounding area (Colla et al., 2006; Otterstatter & Thomson, 2008; Murray et al., 2013) . Overall, we found a lower prevalence of Crithidia spp. in B. terrestris on commercial farms compared to wild farms, particularly early in the season. This could be a dilution effect caused by the new arrival of large numbers of predominantly uninfected commercial bumble bees. Our study did not investigate whether parasites were present in commercial nest boxes when they arrived from the suppliers; hence we cannot discern whether the infections observed in commercial bees were contracted largely or exclusively whilst bees were foraging on farms following deployment.
Previous studies, however, have found commercial bees to arrive from the supplier infected with parasites in Japan, North America and Ireland (Goka et al., 2000; Colla et al., 2006 and references therein; Murray et al., 2013) . (Wilfert et al., 2007) , although recent studies suggest that the bee's gut flora has a more important role in determining susceptibility (Koch & Schmid-Hempel, 2012 (Brown et al., 2003) . However, recent research suggests that queens may be more resistant to Crithidia spp. than workers, which would lessen the impact of any epidemic (Ulrich et al., 2011) . Further research into the rates of interspecific transmission by the strains of Crithidia spp. infecting wild and commercial bumble bees would be required to assess the risks of these late-season epidemics spreading to other species in the surrounding areas.
The overall mean prevalence of Crithidia spp. was similar to that in central Europe and was also significantly different among bumble bee species (Shykoff & Schmid-Hempel, 1991) . Bombus pratorum suffered from the highest rate of infection, particularly at the end of the sampling period. This species emerges early from hibernation in the spring throughout the UK and nests can produce reproductives as early as April (Goulson, 2010) . Therefore, individuals still on the wing by the end of the summer are highly likely to be infected because they would have had a long period of exposure to Crithidia spp. The intensity of infection with Crithidia spp. also varied significantly across bumble bee species but interestingly shows a different pattern to the prevalence of infection. B. lapidarius was found to suffer from considerably higher parasite loads than all three other bumble bee species and B. terrestris had significantly higher loads than B. pascuorum and B. pratorum. The reasons behind these differences remain unknown but it may relate to inter-specific differences in host genetics and parasite defence, environmental factors or parasite virulence (Ruiz-González et al., 2012) .
The proportion of bees infected with Nosema bombi was too low in this study to allow an in-depth analysis. To obtain a good picture of the infection dynamics of this parasite species, results from more than one season would be required because the prevalence of N. bombi is known to vary spatially, temporally and across species by substantial amounts (Larsson, 2007) . Nosema bombi appears to be a rare pathogen in this habitat and consequently may only have a small impact on the bumble bee populations in the area. Our dataset is too small to make any conclusions but it is interesting to note that the prevalence of this parasite was higher on the commercial farms, although this difference was not significant. Previous authors have thought that the presence of commercial bumble bees can possibly amplify the prevalence of N. bombi (Colla et al., 2006; Otterstatter & Thomson, 2008) . This is potentially concerning because bumble bees infected with N. bombi have substantially reduced fitness (Otti & Schmid-Hempel, 2008; Rutrecht & Brown, 2009 ).
This study assesses one aspect of the risks associated with the use of commercial bumble bees for pollination services. Our data suggest that the high density of bees on commercial farm amplifies the prevalence of Crithidia spp. by the end of the season. This high prevalence has the potential to spill back over to local wild bumble bees but we find no evidence that this threat is being realised; our Further research is also needed into the other detrimental ecological consequences associated with commercial bumble bees, such as hybridisation with native subspecies and competition for resources (Goulson, 2003) . Due to the uncertainties surrounding these potential costs, it would be preferable to develop viable alternatives where possible and thus reduce the need for commercial bumble bees. For example, sowing wild flower mixes can boost natural pollinator populations (Carvell et al., 2007) , which in turn may benefit outdoor soft fruit pollination.
